Introduction {#Sec1}
============

Tuberculosis (TB) currently accounts for more human death than any other infectious disease. With 10.4 million new cases of TB in 2015, resulting in 1.8 million deaths. One third of the world's population is believed to be latently infected with *M. tuberculosis* and approximately 10% of these immunocompetent latent patients will reactivate with active TB, thus perpetuating the disease globally^[@CR1]^.

The only vaccine ever licensed to protect against TB is the attenuated *M. bovis* Bacillus Calmette-Guérin (BCG) live vaccine. There are up to 16 regions of deletions in modern BCG strains, accounting for up to 140 genes, although not all strains contain all regions of deletions^[@CR2]^. BCG is one of the most administered vaccines in history and is still being administered to 85% of infants despite its controversial efficacy reported to range from 0 to 80%^[@CR3]^. It is currently accepted that BCG protects against disseminated TB in young children^[@CR1]^. As TB is still a disease of significant global impact it is evident that the current vaccine remains limited in its potential to address adult TB and its transmission. A new vaccine is urgently needed.

Many of the current strategies for the development of new vaccines against *M. tuberculosis* rely on the use of known highly immunogenic and soluble proteins secreted by *M. tuberculosis* such as antigen 85 and ESAT-6^[@CR4]^. The use of various adjuvant systems or vaccine delivery systems to improve the ability to target the Th1 immune pathway in order to create a standalone subunit vaccine represents an important aspect to TB vaccine development^[@CR5]--[@CR10]^. The dimethyl dioctadecyl ammonium bromide (DDA) and monophosphoryl lipid A (MPLA) adjuvant system is well established for its ability to trigger a pro-inflammatory cytokine response, recruiting macrophages and neutrophils and subsequently initiating a Th1 immune response^[@CR11]^, making it an appropriate choice as adjuvant system for the present study.

The MmpL proteins possess extended surface domains which are involved in the translocation of cell wall outer components and sequestration of essential nutrients from the host. Their extracellular location and important functionality make them strong potential vaccine candidates. MmpL1, MmpL8 and MmpL10 are family members with known roles in *M. tuberculosis* pathogenesis. *MmpL1* is a functional, single open reading frame in *M. tuberculosis* but contains a stop codon insertion resulting in a truncated transcript in *M. bovis*, the parental stain of the BCG vaccine. This could indicate that full MmpL1 is not expressed in BCG and thus unavailable to the host for the development an anti-MmpL1 adaptive immune response^[@CR12]^. Both MmpL8 and MmpL10 have been associated with host interactions during infection. *M. tuberculosis* strains containing mutations in *mmpL8* and *mmpL10* have severely attenuated growth in the lungs of mice during the early stages of *M. tuberculosis* infection. In a murine infection it was observed that MmpL8 may play a role in the suppression of Th1 immunity^[@CR13]^. These findings indicate a strong requirement for their *in vivo* expression and forms the basis for our interest in investigating their potential as subunit vaccine candidates.

It is well documented that multivariant subunit vaccines can confer greater protection than single variant vaccines^[@CR8],[@CR14]--[@CR16]^. Clearly, as a live attenuated bacterial vaccine, BCG offers hundreds of protein antigens to induce protective immunity^[@CR17]^. Whilst subunit vaccines are not intended to offer this breadth of antigens, careful selection of a few highly immunogenic antigens have proved eficacious^[@CR14],[@CR18]--[@CR20]^. T cell epitopes of *M. tuberculosis* are considered to be suitable, and necessary, potential inclusions as subunit vaccine candidates. In Addition to B-cell epitopes, MmpLs contain strong T-cell epitopes within the predicted host exposed region of the protein^[@CR21]^.

This study examined the immunogenicity of synthetic di-polypeptides incorporating the [s]{.ul}oluble [e]{.ul}xtracellular [r]{.ul}egions [o]{.ul}f [M]{.ul}mpL (SERoM) proteins of individual MmpL transporter proteins. Further examination of the protection achieved by SERoM subunit vaccines derived from MmpL1, 8 and 10 when administered in a DDA/MPLA adjuvant system was also examined. The immunogenicity of SERoM was tested using ELISpot assay to determine the number of IFN-γ splenocytes. The protection conferred by these vaccines was tested by aerosol challenge with *M. tuberculosis* after vaccination and subsequent analysis of bacterial loads in the lungs and spleens of infected mice. This study reveals that SERoM1 and SERoM8 are immunogenic proteins, with SERoM1 providing protective efficacy against *M. tuberculosis* infection. Finally, a combined SERoM vaccine confers strong and enhanced protection in mice.

Results {#Sec2}
=======

SERoM Vaccine Construction and Purification {#Sec3}
-------------------------------------------

The selection of multiple proteins increases the possibility of identifying an antigenic T-cell epitopes. We were interested in increasing the breadth of the antigenic repertoire while minimising the peptide size and maximising protein solubility. While the transmembrane domains of the MmpL proteins show a high level of similarity of 72--75% as determined by multiple sequence alignment^[@CR22],[@CR23]^ (Table [1](#Tab1){ref-type="table"}), the extracellular domains of MmpL1, MmpL8 and MmpL10, as identified by TMHMM^[@CR24],[@CR25]^, were significantly more variable. The genome regions encoding the two major extracellular loops of each protein were cloned in-frame into an *E. coli* protein expression vector to create dimeric polypeptides (Fig. [1](#Fig1){ref-type="fig"}). The amino acids mapping to these regions for MmpL1 are inclusive of residue 40 to 192 (R1) and residue 396 to 759 (R2); for MmpL8, residue 65 to 219 (R1) and residue 423 to 872 (R2); and for MmpL10, residue 1 to 170 (R1) and residue 379 to 804 (R2). These engineered dimeric polypeptide proteins were expressed in and purified from *E. coli* (Fig. [2](#Fig2){ref-type="fig"}).Table 1Similarity comparison of MmpL1, MmpL8 and MmpL10 regions.Extracellular RegionsTransmembrane RegionsWhole ProteinMmpL1/MmpL825.70%72.30%28.14%MmpL1/MmpL1026.47%72.31%29.14%MmpL8/MmpL1052.05%75.19%58.04%Figure 1Illustration of SERoM di-polypeptide construction strategy. (**A**) Two dimensional depiction of an example MmpL protein. SERoM regions highlighted in green (R1) and red (R2). Transmembrane regions (8 of 12 shown) shown as barrels. (**B**) Example structure of SERoM di-polypeptide fusion vaccine, comprised of extracellular regions R1 and R2.Figure 2SDS-PAGE analysis of purified recombinant vaccine antigens. Lane 1, Molecular Wight Marker; Lane 2, Clarified whole cell lysate of *E. coli* expressing strain; Lane 3, IMAC purified, refolded soluble MmpL polypeptide. (**A**) SERoM1, expected size 58 kDa. (**B**) SERoM8, expected size 61 kDa (**C)** SERoM10, Expected size 69 kDa. Images A, B and C are cropped from originals (Supplementary Figures [2](#MOESM1){ref-type="media"} and [3](#MOESM1){ref-type="media"}) for clarity and brevity.

While the use of individual T-cell epitopes of known mycobacterial antigens has been previously tested in subunit vaccine formulations^[@CR18]^, the use of soluble regions from otherwise wholly insoluble membrane proteins is a novel method for vaccine development against TB. Excluding the large hydrophobic regions of the proteins enabled the use of *E. coli* as an expression system for the production of large quantities of the desired soluble regions of the MmpL proteins. Furthermore, this selective expression strategy significantly reduced the size of these proteins, allowing for simplified expression conditions and handling as fusion proteins (Fig. [2](#Fig2){ref-type="fig"}).

SERoM Immunogenicity {#Sec4}
--------------------

To determine the immunogenicity of SERoM vaccines ELISpot assays were conducted to determine the number of IFN-γ producing splenocytes in spleens of vaccinated mice compared to mice vaccinated with adjuvant only (Fig. [3](#Fig3){ref-type="fig"}). The number of IFN-γ producing splenocytes from SERoM1 and SERoM8 vaccinated mice was significantly increased compared with adjuvant controls when stimulated with 10 µg/mL of vaccine antigen. Specifically, very robust responses were observed for SERoM vaccinated mice, which resulted in over 1000 cells per million, equating to 0.1% of all splenocytes, produced IFN-γ when stimulated with 10 µg/ml of purified SERoM1. The SERoM10 vaccinated mice produced a large, number of IFN-γ producing splenocytes although this result did not reach statistical significance. Production of IFN-γ from splenocytes showed a dose response when stimulated with 10 µg/mL and 1 µg/mL of recall antigen for all three vaccine groups (Fig. [3](#Fig3){ref-type="fig"})Figure 3Immunogenicity of SERoM vaccines in C57BL/6 mice as measured by number of IFN-γ producing splenocytes. Mice (n = 3) were vaccinated subcutaneously three times with SERoM vaccines. Mean number of IFN-γ producing splenocytes per million cells, corrected for background (media only) is shown together with SD. Significance was calculated compared to relevant adjuvant vaccinated control via multiple unpaired, two tailed t-tests. \*p \< 0.05, \*\*p \< 0.01. Results representative of duplicate experiments.

Protective Effects of SERoM Vaccines {#Sec5}
------------------------------------

As SERoM1 was the most immunogenic vaccine it was selected as the primary SERoM as a sole vaccine for analysis of protective efficacy against *M. tuberculosis* challenge. However, as single antigen TB vaccines are unlikely to be efficacious in all individuals, and many studies have shown that the inclusion of multiple antigens in a subunit vaccine can greatly improve its efficacy^[@CR8],[@CR16],[@CR19]^, we also examined whether an enhanced protective effect could be achieve with a combined SERoM vaccine. For this arm of the study we combined equal quantities of SERoM1, 8 and 10 into a single formulation with DDA/MPL. Mice were subcutaneously vaccinated 3 times at fortnightly intervals with SERoM or adjuvant only and rested for 6 weeks prior to aerosol challenge with virulent *M. tuberculosis*. SERoM1 vaccinated mice showed a strong and significant protective effect in the lung, exhibiting a significant 0.8 log10 reduction in bacterial numbers compared to adjuvant only vaccinated mice (Fig. [4](#Fig4){ref-type="fig"}). A similar reduction in colonisation was also observed in the spleen, however statistical significance was not achieved.Figure 4Protective effects of SERoM vaccines in mice. C57BL/6 Mice (n = 5) were vaccinated subcutaneously three times with SERoM vaccines, adjuvanted with DDA/MPLA. Mice were subsequently aerosol challenged with M. tuberculosis H37Rv 6 weeks post third vaccination. (**A**) protection in the lung of vaccinated mice. (**B**) protection in the spleen of vaccinated mice. Crosses are individual mice with mean and standard deviation shown. Significance was calculated compared to relevant control group via one-way ANOVA with Tukey's multiple comparisons test. \*p \< 0.05, \*\*\*p \< 0.005, \*\*\*\*p ≤ 0.0001.

A very strong, 1-log reduction in bacterial load was observed in the lungs of mice vaccinated with the combination SERoM vaccine compared to adjuvant only vaccinated controls. Additionally the combination SERoM vaccine achieved a strong protective effect in the spleens of vaccinated animals, also with a 1-log10 reduction. Indeed, this protective effect reached levels of protection not significantly different from that achieved by BCG (Fig. [4](#Fig4){ref-type="fig"}); an outcome rarely observed with subunit vaccines. The protective effects of SERoM vaccine cocktail is also evident from lung pathology examination. Whereas adjuvant only vaccinated mice were observed to have multiple, large lung lesions of polycellular infiltrate (macrophages, neutrophils and lymphocytes) (Fig. [5A and C](#Fig5){ref-type="fig"}), mice vaccinated with SERoM1, 8 and 10 displayed a largely normal lung pathology with only few small inflammatory lesions (Fig. [5B and D](#Fig5){ref-type="fig"}).Figure 5Lung pathology of *M. tuberculosis* infected mice. Lungs collected four weeks after *M. tuberculosis* challenge were fixed in formalin, paraffin embedded and subject to H&E staining. (**A**) low magnification micrograph of adjuvant only vaccinated mice. High magnification micrograph of boxed region shown in (**C**). (**B**) low magnification micrograph of SERoM 1, 8, 10 cocktail vaccinated mice. High magnification of small inflammatory lesion shown in (**D**).

Discussion {#Sec6}
==========

Subunit vaccines are well established in the literature as being immunostimulatory and even conferring a protective effect against *M. tuberculosis* infection^[@CR8]^. While it is unlikely protein subunit vaccines will be utilised as single antigen formulations to replace the live, multivalent BCG as a priming vaccine^[@CR17]^, subunit vaccines show great potential as boosting vaccines administered to evoke a targeted memory response in BCG immunised individuals, particularly when multivalent in nature. Furthermore, subunit vaccines have the added benefit of improved safety as opposed to live formulations. This study examined the potential of MmpL proteins as subunit vaccine candidates with a specific emphasis on the soluble surface exposed regions. The SERoM1 and SERoM8 synthetic vaccines were found to be significantly immunogenic with SERoM1 conferring reproducible protection against H37Rv infection in C57BL/6 mice compared to unvaccinated controls. A very significant level of protection against *M. tuberculosis* challenge was achieved following vaccination with the SERoM combination vaccine, in both the lungs and the spleen.

Fusion protein vaccines have been demonstrated to elicit enhanced protection compared to that of their component parts. A cutinase like protein (Culp) -fusion vaccine of Culp-1 and Culp6 in DDA/MPLA provided nearly 1 log protection in C57BL/6 vaccinated mice after an aerosol *M. tuberculosis* infection whereas Culp1 and Culp6 delivered as individual vaccines only conferred a 0.3 to 0.5 log protection respectively^[@CR19]^. Similar results were observed with an ESAT-6/Ag85B fusion protein vaccine delivered in DDA/MPLA to C57BL/6 mice. Additionally the ESAT/Ag85B fusion stimulated long term immunity whereas in BCG vaccinated mice protection had waned^[@CR20]^. Furthermore, the delivery of antigens as fusions, rather than antigen cocktails has been demonstrated to provide significantly enhanced protection to guinea pigs from an aerosol challenge of *M. tuberculosis*^[@CR26]^. Development of SERoM antigens into single polypeptide fusion proteins may provide further efficacy and thus further validation of our approach.

The DDA/MPLA adjuvant formulation has been shown here, and in other studies, to be very effective at stimulating protective responses towards *M. tuberculosis* antigens. It is interesting to note however, that in both the lung and spleen of adjuvant-only vaccinated mice some non-specific protection was observed against *M. tuberculosis* infection at four weeks post vaccination (Fig. S1). Although this response did not reach statistical significance, this is an important observation and needs to be considered when using the DDA/MPLA adjuvant system for *M. tuberculosis* vaccine trials. As shown in Fig. [4](#Fig4){ref-type="fig"}, all non-specific protection had waned by 6 weeks post vaccination and we would therefore recommend these conditions for future testing with this system, as we have in the present study.

The inclusion of multiple immunogenic peptides clearly increases the efficacy, and efficiency of subunit vaccines, but the identification of the most appropriate antigens and their combinations may yet still need to be discovered. The exclusion of naturally insoluble proteins from such vaccine trials in the past may have hampered this effort, concealing epitopes of potential therapeutic value from testing. Integral membrane proteins are good examples of such antigens and our strategy of vaccinating with just the soluble regions of otherwise insoluble proteins opens up the discipline to the production and testing of a great many *M. tuberculosis* membrane proteins, raising the potential for many more protective T cell epitopes to be discovered. We have demonstrated this principle, as well as the protective capacity of antigens derived from important cell wall transporters of *M. tuberculosis*, i.e. MmpL1, MmpL8 and MmpL10, together with the enhanced protective effects of combination multivalent vaccines, but for the first time, as a novel formulation strategy.

Methods {#Sec7}
=======

Reagents {#Sec8}
--------

All reagents used were analytical grade unless otherwise stated and stored as specified on the technical data sheets and safety manuals. Unless otherwise stated all reagents and chemicals were sourced from Sigma-Aldrich.

Bacterial Strain and Growth Conditions {#Sec9}
--------------------------------------

*M. tuberculosis* (H37Rv) and BCG (pasteur)  strains were cultured on Middlebrook 7H11 agar (Difco) supplemented with 0.5% v/v glycerol and 10% v/v OADC (0.02% oleic acid w/v, 5% BSA w/v, 2% sucrose w/v, 0.002% catalase w/v and 0.85% NaCl w/v). All cultures were incubated at 37 °C for two to three weeks. Single cell suspensions were prepared by centrifuging at 800 × g for 8 min. *E. coli* BL21(DE3) was used for protein expression and cultured in Luria Bertani (LB) broth (Difco) and cultured on LB supplemented with 15 g/L of bacteriological agar. When required media were supplemented with ampicillin at 100 µg/mL. All cultures were incubated at 37 °C. *E. coli* broth cultures were incubated with orbital agitation at 200 rpm.

Protein expression and purification {#Sec10}
-----------------------------------

Synthetic MmpL peptide regions were designed using TMHMM^[@CR25]^. The coding regions for the two large loops found in RND proteins as predicted by TMHMM were provided to Genescript (New Jersey, USA) for synthesis and codon optimisation. *E. coli* codon optimised sequence was prepared into vector pET19b for expression in *E. coli* BL21(DE3). Proteins were expressed by induction with 0.5 mM IPTG in LB broth. Inclusion bodies were separated from bacterial cells and protein purified using immobilised metal affinity chromatography. Inclusion bodies were separated by collecting *E. coli* BL21(DE3) at 4,000 × *g* for 20 min. Cell pellets were resuspended in 10 mL resuspension buffer (50 mM HEPES pH7.5, 0.5 M NaCl, 10 mM EDTA, 5 mM DTT, 0.35 mg/mL lysozyme and protease inhibitor (cOmplete protease inhibitor cocktail tablets, Roche) and incubated at room temperature for 30 min. A final concentration of 1% Triton-X-100 was added and cells lysed by freeze thawing. DNA was sheared using sonication and further incubated for 1 hour at room temperature with gentle agitation in 60 units DNAseI (NEB) and 5 mM MgCl~2~. Inclusion bodies were pelleted by centrifugation in a Beckman Avanti J centrifuge at 30,000 × *g* for 30 min at 4 °C and subsequently washed in PBS containing 1% Triton-X-100 and 1 mM EDTA. Inclusion bodies were again pelleted and subsequently washed in PBS containing 1% Triton-X-100. Inclusion bodies were pelleted again and resuspended overnight in two mL of solubilisation buffer (50 mM HEPES pH 7.5, 0.5 M NaCl and 6 M guanidine-HCl) at 4 °C.

Recombinant protein was purified using TALON (Clonotech), Co^2+^ charged immobilised metal affinity chromatography (IMAC), according to the manufacturers guidelines. A batch gravity binding protocol was used followed by a column elution. Briefly, solubolised inclusion bodies were applied to a 500 μL resin bed volume in conical centrifuge tubes and agitated at 4 °C for 30 mins to allow his-tagged proteins to bind. Protein-bound resin was washed 4 times in 8 M urea containing 10 mM imidazole, 300 mM sodium phosphate pH 8.0 and 300 mM NaCl. Resin was then transferred into gravity-flow columns and his-tag proteins eluted in 10 mL 150 mM imidazole and 1 mL fractions collected.

Protein refolding and analysis {#Sec11}
------------------------------

Purified protein fractions were pooled and dialysed against PBS at 32 × volume using a T4 CelluSep tubular cellulose membrane (Fisher Biotech) overnight at 4 °C. A further dialysis round was completed the next day over 4 hours in another 32 × volumes of PBS. Re-folded purified proteins were concentrated to 200 *μ*g/mL using Amicon Filters (Millipore) as per manufacturer's guidelines

Total amount of purified protein was determined using a bicinchoninic acid (BCA) assay (ThermoFisher Scientific) as per manufacturer's guidelines. Assays were performed in 96 well plates and 10 μL to 25 μL protein was mixed with 200 μL of working reagent (Reagent A:Reagent B, 50:1). Plates were incubated at 37 °C for 30 min and read on a BMG Labtech Polarstar Omega plate reader at 550 nm. Protein concentration was determined by interpolating values in an equation obtained from the standard curve.

Mice {#Sec12}
----

Six to eight week C57BL/6 female mice were used for this study. Mice were sourced from the Animal Resources Centre (Perth, WA, Australia). All mice were housed using a Techniplast (Varese, Italy) housing system with unrestricted access to food and water. Mice infected with *M. tuberculosis* were housed in a physical containment level 3 (PC3) facility. Anaesthesia of mice was induced by methoxyflurane inhalation. Euthanasia of mice was done by CO~2~ asphyxiation. The Animal Ethics Committee of the University of Queensland approved all experiments involving mice, in accordance with Australian code for the care and use of animals for scientific purposes.

Vaccinations {#Sec13}
------------

Subunit vaccines and BCG were delivered subcutaneously while mice were anesthetised. Frozen stocks of BCG were diluted to 2.5 × 10^6^ cfu/mL in sterile PBS and 200 μL delivered at the base of the tail (5 × 10^5^ CFU delivered). Doses of BCG delivered was validated by enumerating serial dilutions of the vaccine on 7H11 after three weeks incubation. Recombinant protein vaccines were prepared containing the vaccine antigen (50 *μ*g/mL), dioctadecyl ammonium bromide (DDA) (1.25 mg/mL) and monosphosphoryl lipid A (MPLA) (125 *μ*g/mL) as previously described^[@CR19]^. DDA was prepared at 2.5 mg/ml in water at 80 °C for 20 to 30 mins with regular agitation. MPLA was prepared at 500 *μ*g/mL in water containing 0.2% triethylamine. MPLA stock was heated to 70 °C for 30 seconds and then sonicated in a water bath sonicator for 30 seconds. This process was repeated 3 times.

Vaccines were emulsified by vortexing for 2 minutes with DDA and MPLA to create the delivered vaccine. 200 μL of the emulsified vaccine was injected subcutaneously at the base of the tail delivering 10 μg of recombinant protein, 500 μg of DDA and 25 μg of MPLA. BCG vaccinated mice were immunised once and recombinant protein vaccinated mice were immunised three times over a four week period before being rested for either four or six weeks.

ELISpot {#Sec14}
-------

Vaccinated mice were sacrificed four weeks post third vaccination and spleens removed. Single cell suspensions were prepared by passing spleens through a 70 *μ*m cell strainer. ELISpot was used to determine the number of antigen specific IFN-γ producing splenocytes as previously described^[@CR27]^. Antigens were added to wells at final concentrations of Concanavalin A 3 *μ*g/mL, *M. tuberculosis* cell wall protein 10 *μ*g/mL, vaccine antigen 10 *μ*g/mL, 1 *μ*g/mL, and 0.3 *μ*g/mL.

Protection Assay {#Sec15}
----------------

Mice were infected with approximately 100 CFU of *M. tuberculosis* H37Rv via the aerosol route using the inhalation exposure system (Glas-Col, Terre Haute, IN) at time points indicated. Cultures were grown to mid-log phase in 7H9 complete media and then washed in PBS + 0.02% tyloxapol. De-clumped suspensions were created by spinning cells at 800 × *g* for 8 min and supernatants were diluted to an optical density at 600 nm of 0.1 to 0.2. 5 mL was nebulised for infection. Post infection mice were rested for four weeks and then sacrificed by CO~2~ asphyxiation. The left lung lobes and spleens were collected and homogenised in 2 mL PBS, serially diluted and plated onto 7H11 agar plates. After 21 days incubation at 37 °C, CFU were counted and bacterial burden on the lungs and spleens determined.

Histopathology {#Sec16}
--------------

Bottom right lung lobes were removed from sacrificed mice and fixed in 10% buffered formalin for four weeks. Fixed lobes were paraffin embedded and sections stained with haematoxylin-eosin (HE) and examined by light microscopy on a Zeiss A1 Axio Scope.
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----------------------------------

The Animal Ethics Committee of the University of Queensland approved all experiments involving mice, in accordance with Australian code for the care and use of animals for scientific purposes.
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